shape adds limited value to a fixed radius approach and TC positional errors in the ERA-Interim reanalysis do not affect the results significantly, but biases in peak wind speeds and TC sizes may lead to underestimates of moisture transport. The interannual variability does not appear to be strongly related to the El Niño-Southern Oscillation phenomenon.
Introduction
Tropical cyclones (TCs, including tropical depressions, storms and hurricanes) are powerful regional scale meteorological phenomena that are known for their extreme wind, intense rainfall and often very costly economical and societal losses. Despite their destructive potential, TCs also serve as an important source of freshwater and carry a considerable amount of water from ocean to land, which plays an important role in modulating regional scale droughts. Using the Palmer drought severity index (PDSI) and daily rainfall records from the Cooperative Observer Network, Maxwell et al. (2012) suggested that up to 41 % of droughts over the southeastern United states during 1950 United states during -2008 were terminated by single TCs, thus the term "drought busters" was coined. During the dry years of 2006-2007, TCrelated rainfall redressed the meteorological drought over the Atlantic Coastal Plain by 20-40 %, and the water deficit was reduced by 50-90 % in the Carolinas watersheds (Brun and Barros 2014) . And for a dry continent like Australia, TC rainfall is regarded as a significant contributor to freshwater supplies for human communities, agriculture and the health of ecosystems (Dare et al. 2012) .
Abstract Tropical Cyclones (TCs) are an important source of freshwater for the North American continent. Many studies have tried to estimate this contribution by identifying TC-induced precipitation events, but few have explicitly diagnosed the moisture fluxes across continental boundaries. We design a set of attribution schemes to isolate the column-integrated moisture fluxes that are directly associated with TCs and to quantify the flux onto the North American Continent due to TCs. Averaged over the 2004-2012 hurricane seasons and integrated over the western, southern and eastern coasts of North America, the seven schemes attribute 7-18 % (mean 14 %) of total net onshore flux to Atlantic TCs. A reduced contribution of 10 % (range 9-11 %) was found for the 1980-2003 period, though only two schemes could be applied to this earlier period. Over the whole 1980-2012 period, a further 8 % (range 6-9 % from two schemes) was attributed to East Pacific TCs, resulting in a total TC contribution of 19 % (range 17-22 % ) to the ocean-to-land moisture transport onto the North American continent between May and November. Analysis of the attribution uncertainties suggests that incorporating details of individual TC size and
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Some studies have documented the contribution of TCs to rainfall at a regional (e.g. Rodgers et al. 2001; Larson et al. 2005; Ren et al. 2006; Brun and Barros 2014; Konrad et al. 2002; Konrad and Perry 2009; Davis 2007, 2009; Prat and Nelson 2013; Dare et al. 2012) or global (e.g. Jiang and Zipser 2010) scale. However, few studies have looked into the effects of TCs on continental scale onshore moisture transport, which helps set up a favorable environment for precipitation. Schumacher and Galarneau (2012) quantified the moisture transported ahead of two recurving TCs (Erin in 2007 and Ike in 2008) , by contrasting ensemble members from the THORPEX Interactive Grand Global Ensemble (TIGGE) where the TC recurved with those that did not. The results indicated that although being positively related, the tropical moisture transported by TCs is neither a strictly necessary nor a sufficient condition for the coincident heavy rainfalls. This illustrates the importance of a better quantification of this moisture transport, and a better understanding of its ultimate effect on precipitation. From a large scale water and energy budget point of view, TCs serve as an important balancing mechanism in redistributing tropical water and heat poleward. However, an accurate quantification of this aggregated role has not previously been made (Hart et al. 2007) .
In view of such a gap, this study develops a set of methods to isolate the TC-related moisture transport from ocean to land. The column integrated moisture fluxes are estimated from the European Centre for Medium Range Weather Forecast (ECMWF) ERA-Interim (ERA-I) reanalysis product (Dee et al. 2011) . The best track observations from the National Hurricane Center (NHC) (Landsea and Franklin 2013) are used to track the TCs. To make the TC moisture flux attribution, a set of distance-based attribution methods is developed. Similar distance-based methods are commonly adopted by precipitation-focused studies, where precipitation events within a certain radius of a TC are attributed to the TC's influence. Note that this kind of distance-based method in general is variable dependent: the necessary geographical vicinity for an effect to be experienced may vary from variable to variable. A typical choice among precipitation attribution studies is 500 km (e.g. Rodgers et al. 2001; Larson et al. 2005; Lau et al. 2008; Jiang and Zipser 2010) . This provides helpful guidance to the spatial extent of TCs' influence on moisture fluxes, but should not be adopted directly without validation.
Section 2 describes the datasets and the TC flux attribution methods. Four different schemes, differing in their flexibility and adaptibility, are designed to determine a critical TC influence radius. Section 3 displays the results of applying the attribution schemes to onshore moisture fluxes, by firstly giving an overview of TC activities (Sect. 3.1), followed by evaluations on two sample coastal grid cells (Sect. 3.2). Then the distrubtion, seasonal totals and inter-annual variabilities of TC moisture transport are presented in Sects. 3.3-3.5. When analyzing the attribution schemes and the sensitivity of TC transport to scheme selection, we consider only Atlantic TCs using a single best track dataset. The discussion of the western coast of the North American continent, which is more affected by TCs from the East Pacific, is introduced in Sect. 3.5, combining two best track datasets and using a subset of the attribution schemes. Finally, Sect. 4 assesses the uncertainties in the estimates and their relationship with ENSO.
Data and methods

Best track TC records
The best track records of North Atlantic tropical cyclones are obtained from the HURDAT2 (HURricane DATa 2nd generation) dataset (Landsea and Franklin 2013) . This dataset is a re-analysis effort to extend and revise the NHC's North Atlantic hurricane dataset (HURDAT). Additional information is added onto the original HURDAT format, including wind radii estimates that provide information on the shape and size of a cyclone (Landsea and Franklin 2013) . This radii information is used to design TC attribution schemes.
Best track records of East Pacific (EP) tropical cyclones are obtained from IBTrACS (International Best Track Archive for Climate Stewardship) (Knapp et al. 2010) , which is an objective combination of best track records from various regional data centers. The inclusion of East Pacific TCs gives a more complete view of the continental freshwater inputs from TCs. However, the lack of wind radii data from IBTrACS restricts application of attribution schemes that are based on TC size observations (more on this in Sect. 2.3), and this study focuses mostly on Atlantic TCs.
Horizontal moisture fluxes
Humidity (q) and horizontal winds (u and v) during 1979 Jan-2012 Dec are obtained from ERA-I reanalysis on a 0.75 • × 0.75 • grid every 6 h (at 0000, 0600, 1200 and 1800 UTC). Moisture fluxes on model levels 1-60 are vertically integrated to form the column moisture fluxes:
where dP is the pressure increment between model levels.
TC-flux attribution
The isolation of the moisture fluxes carried by a TC from the background flow in which the TC is embedded is nontrivial and an unambiguous separation is not normally attainable. Hence, the TC-related moisture flux is defined following three main principles:
1. The TC-induced moisture flux is distinct from both the mean annual cycle and the slowly-varying background flow in the flux anomalies. 2. The spatial extent of the influence from a TC is a confined area following the movement of the TC, centered around the TC center, but not necessarily symmetrical in the four quadrants (NE, NW, SW and SE). 3. The temporal extent of the TC influence is limited to the lifetime of a TC, precedent or aftermath effects are not included.
Based on these principles we devised a set of distancebased TC-attribution schemes that use the distance from TC centers as the major decisive threshold, but also take the underlying variability of moisture fluxes into consideration. A sequence of coastal boxes are first selected from ERA-I's land-sea-mask, (blue boxes in Fig. 2 ). With the 0.75 × 0.75 • horizontal resolution of ERA-I, a grid box has a typical length of 70 km at this latitude, and a total of 276 coastal grid boxes are identified.
From HURDAT2 the TC events (hurricanes and storms) in the study region (15−55 • N, 40−130 • W) that reached storm intensity (maximum sustained wind speed reaching 34 knot or above) at some point in their life time are selected (including the records after extra-tropical transition). Following the movement of each TC, coastal grid boxes that are within a certain threshold radius are regarded as affected by the TC (or TCs if more than one is present). The TC-affected fluxes are then calculated at these grid boxes. Whenever a non-synoptic hour in HURDAT2 (usually at times of landfalling or maximum intensity) is encountered, an additional record is inserted into the ERA-I fluxes via linear interpolation between the synoptic hours that encompass that time point.
To implement the first principle, the TC-related flux is detected from the column integrated zonal (F ′ u ) and meridional (F ′ v ) flux anomalies, which are obtained by subtracting the 1979-2012 annual cycle (the 34-year average of each 6-hourly flux value). A background anomaly flux timeseries (F ′ ub and F ′ vb ) is estimated by taking the timeseries of flux anomalies at a grid cell, replacing the TC-affected time points by zero anomalies, and applying a low-pass filter. The filter used is a Gaussian-weighted filter such that the amplitude of variations on 21-day timescales is reduced by half, while faster variations are reduced much more and slower variations much less:
where F ′ u0 and F ′ v0 are the 0-replaced flux anomalies, g(t; σ ) is the Gaussian kernel to be convolved with. The scale parameter σ is determined using:
where T 1/2 is the period at which the response amplitude is reduced by 50 %, which in this case is set to 21 days, a choice that covers the lifetime of the majority of Atlantic TCs (Bengtsson et al. 2007) .
After subtracting the background flux, the TC-related moisture flux is defined as the residual flux when a TC is nearby within a certain radius. Distances are computed as the great-circle distances, and four different schemes (Table 1 ) are explored to define this critical radius:
1. Scheme 1: Fixed radius in the NW, NE, SE and SW quadrants. Four distance thresholds were tried to test the sensitivity of the results: 300, 500, 700 and 900 km. 2. Scheme 2: The maximum 34 kt wind radius in all four quadrants through the life time of a TC, scaled by a scaling factor. Three scaling factors were considered in the sensitivity test: 2.0, 3.0, and 4.0. 3. Scheme 3: The maximum 34 kt wind radius in the corresonding quadrant through the lifetime of a TC, scaled by a scaling factor of 3.0. For example, if a coastal grid box is to the NW of the TC center, then the critical radius is 3 times the maximum 34 kt wind radius in the NW quadrant. 4. Scheme 4: The 34 kt wind radius in the corresonding quadrant at the corresonding time, scaled by a scaling factor of 3.0. For example, if a coastal grid box is to the NE of the TC center, then the critical radius is 3 times the NE 34 kt wind radius of the TC at that time point.
Going from Scheme 1 to 4, greater degrees of flexibility and adaptibility are incorporated: Scheme 1 applies a fixed radius to all TCs regardless of their differences in size, shape and temporal evolutions. The use of wind radii (the distance from the TC center where wind speeds remain at 34 kt or above) from HURDAT2 best track data provides an observational basis for the radius definition that can vary according to the maximum size reached by each TC (Scheme 2). Scheme 3 extends this with quadrant dependency to account for shape asymmetry of TCs. Scheme 4 is the most dynamic of all and allows the critical radius to change over the lifetime of the TC according to observations. Note that the wind radii data from HURDAT2 are only available from 2004 onwards, during which missing values may be present, in which case a backward relaxation
scheme is implemented: in Scheme 4 if the wind radius in a given quadrant at a given time is missing, relax back to the maximum of the corresonding quadrant (Scheme 3).
If all values in a quadrant are missing, relax back to the four-quadrant maximum (Scheme 2). There is no simple relationship between the size and central minimal pressure of TCs (Emanuel 2005; Knaff and Zehr 2007; Ren et al. 2007 ), therefore we did not attempt to predict the wind radii to extend Schemes 2-4 back in time. Analysis using Scheme 1 is extended back to 1980. Similar analysis using Scheme 1 is also performed on TCs from the East Pacific, based on best tracks from IBTrACS, for the period of 1980-2012.
Results
Overview of TC activities
Figure 1 displays the tracks of all Atlantic and East Pacific TCs during May-Nov that came within 700 km of the North American continent in each of three 10-or 11-year periods during 1980-2012. These TCs are selected from a subset that ever reached storm intensity (maximum sustained surface wind ≥34 kt) within the study region. There are broadly two preferred pathways of Atlantic TCs, one into the Gulf of Mexico from the Caribbean Sea and the other along the Gulf stream with a recurvature northeastward (see also Konrad and Perry 2009 ). Many of the TCs that follow the latter path or off the western coast did not make landfall but rather grazed the coastline at some distance; whether these TCs will be regarded as relevant to onshore transport depends on the attribution scheme selected, their sizes and the distances offshore. Based on the TC occurrences the coastal lines of North America can be divided into three sections: the western coast, Gulf of Mexico and the eastern coast (detailed definition will be introduced later). The Greater Antilles islands are buried in the TC tracks and can experience impacts from both pathways. These grid boxes are treated as a fourth section, although estimates of these TC fluxes may have larger errors due to the coarse resolution. Increased Atlantic TC activities can be observed from the track plots in Fig. 1 as well as the TC number timeseries in Fig. 1d . The year 1994 separates a relatively quiescent decade before and an active decade after that, reflecting the Atlantic multi-decadal mode (Goldenberg 2001) . Conversely, East Pacific TC activity displays largely opposite long-term changes: stronger before 1994 and weaker afterwards. On top of that, strong inter-annual variability can be observed, largely consistent with that found by Nogueira and Keim (2011) . Red line shows the estimated background flow by applying a Gaussian filter after the TC-affected time points are replaced with zeros (using Scheme 1 with fixed 900 km radius). Blue (green) line is the result of a box-car (Gaussian) filtering with a kernel size of 21 days on the original time series. Each horizontal band of pink or green background shading shows a different radius definition scheme, from Scheme 1 with fixed 300 km radius at the top, to Scheme 4 with a scaling factor of 3.0 at the bottom. They are labelled on the figure. Within each scheme band, time points when this grid box is deemed as TC-affected are shown by dark green shading, with the relevant TC names labelled nearby relatively small compared to a typical TC detection radius. However, offsets in earlier years could be larger (Jourdain et al. 2014) .
The distribution of 34 kt wind radii from HURDAT2, for each quadrant, is shown in Fig. 3 . Consistent for all four quadrants, the distribution is highly skewed to the right, with the maximum radii reaching up to 1185 km in the SW quadrant. As the detecting Schemes 2 to 4 favour maximum radii (Scheme 4 may relax back onto maximum radii in cases of missing values), these large radii records can lead to far-reaching TC influencing circles. The majority of the TC records have a 34 kt wind radius below 500 km , and the median value is 166 km in NW, 222 km in NE, 148 km in SW and 185 km in SE quadrant, respectively. There is a slight shape asymmetry with the eastern quadrants stretched further than the western half, consistent with literature (Price et al. 1994; Liu and Chan 1999; Jourdain et al. 2014) . Taking into account the cyclonic TC circulation and southeast-ward facing coastal line where TCs make landfall, this asymmetry may create a more extensive onshore transport branch than the offshore branch.
TC flux attribution
The effectiveness of TC flux attribution is first tested on two sample grid boxes: box A at 31.0 • N, 87.0 • W in the Gulf of Mexico section, and box B at 33.0 • N, 80.4 • W in the eastern coast section (both labelled in Fig. 2 ). Nine different attribution schemes are tested and the setups are listed in Table 1 . The fixed radius scheme (Scheme 1) includes 300 km and 500 km radii, covering the range many precipitation attribution studies have adopted (Dare et al. 2012) , and extends further to include 700 km and 900 km, to cover the possibly larger response areas in wind than in precipitation. Three scaling factors are applied to Scheme 2 to test the sensitivity to symmetrical sizes. Schemes 3 and 4 with a scaling factor 3.0 are included to test the sensitivity to shape asymmetry and size evolution during a TC's lifetime.
The 2005 timeseries of meridional column-integrated moisture flux anomaly at box A is shown in Fig. 4 as the black curve. Based on Scheme 1 with a fixed 900 km radius (horizontal shaded band d in Fig. 4) , the time points when a TC (or multiple TCs) is nearby are marked with dark green shading. Therefore the five most prominent spikes induced by TC Arlene, Cindy, Dennis, Katrina and Rita are correctly attributed. These abrupt pulses are all positive in sign, as the relevant TCs all passed to the west of box A (e.g. Katrina as shown in Fig. 2 ). Tammy (Oct-5 -Oct-7) induced a negative flux anomaly, as it approached the sample box from the east, before recurving south-eastwards (not shown).
With these TC-affected time points replaced with zeros, the 21-day Gaussian filter generates an estimated background anomaly flow (red curve in Fig. 4) . Also included are the estimates from a box-car filter (blue line) and the same Gaussian filter (green line) on the original anomaly time series (not zero-replaced). All three estimates are based on scheme-1-radii-900. These three filters give largely consistent estimates during the TC-free periods, but show considerable differences in the vicinity of TCs. The box-car filter creates step-like changes before and after Katrina and Rita, suggesting insufficient resilience to abrupt changes. On the other hand, were the TC-affected fluxes not replaced with zeros, the Gaussian filter also gives an unsatisfactory result (green line). It is worth noting that the estimated background flow will be different if a different detection scheme is used and so will the deviations from it that are attributed to TCs.
Despite the successful attribution of the five major TCs by the fixed 900 km scheme, the other two cases, Ophelia and Wilma, lack an obvious response in the flux, and therefore are likely to be false detections. This is because the fixed 900 km radius goes beyond the actual influencing extent of these TCs. When reduced to 700 km (shaded panel c in Fig. 4 ), the two false detections are eliminated. Further reduction in the radius starts to induce false negative errors, for instance the fixed 500 km (panel b) and 300 km (panel a) schemes fail to detect Rita, and other major TCs are detected for too short a duration.
Similarly, among the three wind radii based Scheme 2 setups (with scaling factors of 2.0, 3.0 and 4.0, correponding to panel e, f and g in Fig. 4, respectively) , a large scaling factor inflates the detecting radius and tends to pick up faraway TCs whose influence can not be discerned. Such errors are evident in the scheme-2-scale-4.0 case (panel g), which falsely detected a few periods when notable flux responses are lacking.
The more adaptive schemes (scheme-3-scale-3.0 in panel h, and scheme-4-scale-3.0 in panel i) create some closely spaced narrow and intermittent bins in the TC time shading (Fig. 4) . This is a combined result of the movement of the TC and time-varying detecting radius, which can be dramatic between 6-h intervals (Konrad et al. 2002) . At least in this illustrated case the extra adaptibility does not provide much added value to attribution accuracy, as the underlying flux shows even more temporal coherency than the frequently alternating detecting bins. This also demonstrates the inherent deficiency of the binary, distance-based detection method in general. Figure 5 illustrates the attribution of zonal moisture flux at grid box B. Different to box A, the green curve shows the Fig. 2) , and the estimated background flows are based on scheme 2 with scaling factor 4.0. Also note that the green line shows the low-pass by a 21-day Gaussian filter with TCaffected time points masked Gaussian filtered time series with the shaded TC time points treated as missing rather than set to zero, and the background flow estimates are based on Scheme 2 with scaling factor 4.0 (panel g in Fig. 5 ). Large differences are observed in the estimated background fluxes during late Aug-Sept, when the green curve shows spuriously high values, due to the 2-day gap between the masked values of Katrina and Ophelia. Notable for its erratic and slow moving track, Ophelia lingered for a long time along the eastern coast at storm and hurricane intensities. Such long-lasting effects post a challenge to background flow estimates, as can be seen in the box-car filter (blue curve). In such cases, replacing the TC time points with zeros helps create a better estimate (red curve).
Although false positive errors are found in the scheme-2-scale-4.0 scheme at box A, it is able to pick up some TC impacts at box B that other schemes failed to, for instance the full extent of Franklin, Katrina and Ophelia (when Maria and Nate may also contribute). The correctness of the Irene and Rita attribution may be controversial, and the length of Wilma seems to be overestimated. However, this examination of individual grid cells is ad hoc, and fine-tuning a specific scheme may overfit the selected sample and lose generality. Therefore scheme-2-scale-4.0 is retained for subsequent analyses. But we exclude scheme-1-radii-300 and scheme-1-radii-500 from the selection, as both being too conservative. Again the highly variable scheme-3-scale-3.0 and scheme-4-scale-3.0 detect intermittent TC effects during Dennis and Katrina. They seem to improve the detection accuracy compared with their symmetrical counter-part (scheme-2-scale-3.0 scheme), by eliminating Irene from detection, but the omission of Franklin and earlier part of Wilma is arguable. These two schemes are also retained in the ensemble.
It is worth noting that at both box A and B, no scheme is able to fully capture the finishing stage of Katrina (Figs. 4, 5) , even for the most expansive scheme (scheme-2-scale-4.0). And in the case of Tammy the schemes do not attribute the large negative (positive) zonal anomalies before (after) Oct-5 and Oct-6 (Fig. 5) . This is because the lifetime of these TCs are defined by best track records, and the TC had either not existed before significant precedent flow occurred, or already died away before the strong flow anomalies dissipated. Relating back to the earlier discussion, these precedent and aftermath effects are not included and it is largely a subjective choice. However, enlarging the detection radius would be biased because the precedent effects would more likely be captured than the aftermath effects.
Spatial distribution of TC onshore transport
Based on the two case studies in the previous section, we included seven detection schemes in the ensemble collection (Table 1) and performed TC and non-TC flux separation for each coastal grid box using these schemes. TC-related moisture flux is defined as the difference between the full flux anomaly and the background flux anomaly during the green-shaded time points. The same separation procedure is also repeated on the immediate oceanic grid boxes, whose fluxes, together with those from the adjacent land boxes, are used to compute the mean onshore flux F u and F v by averaging the two. The onshore moisture transport is computed as:
where T ui and T vi are the TC onshore transport (kg s −1 ) at grid box i in the zonal and meridional direction, To help portray the spatio-temporal distribution of TC moisture transport, the coastal grid boxes are numbered, ordered and segmented so that number 0-92 covers the western coast (green boxes in Figs. 6 and 7) , 93-166 for the Gulf of Mexico (including Florida, in yellow), 167-252 for the eastern coast (in orange) and 253-275 for the Greater Antilles (in brown). Figure 6 shows the Atlantic TC moisture flux distribution in 2005 using the scheme1-radii-900 scheme. The western coast is mostly free from Atlantic TC influences (as seen in 2005 but also observed during 1980-2012, figure not shown), and is more directly impacted by TCs from the East Pacific (not shown, but included in Sect. 3.5). Note that as the attribution is based on geographical vicinity, possible impacts from East Pacific TCs on the detection of Atlantic TC's transport only occur when a grid box is affected by TCs from both basins at the same time. In such cases, attribution based on HURDAT2 (or IBTrACS) alone will possibly introduce some uncertainties along the western coast section where TCs from both sides may coincide, and the effect is likely a weakening of the fluxes by coinciding TCs from both sides. However, for scheme comparison and sensitivity test purposes this is not a significant issue, and the Atlantic TCs' transports are dominated by those along the eastern coast. Furthermore, when quantifying the interannual contributions by TCs in later ) during May-Nov 2005, by TCs under a scheme-1-radii-700, b scheme-1-radii-900, c scheme-2-scale-2.0, d scheme-2-scale-3.0 (see Table 1 for the schemes). The total moisture transport combines the annual cycle and anomaly fluxes. Time periods when any coastal grid boxes are affected by TCs are indicated by green shading, to which a numerical ID is attached for each relevant TC (the ID-name translation can be found in Table 2 ). The percentage contribution by TCs to the total transport is labelled at the lower left corner for each scheme sections, we repeated the the analyses using a combined HURDAT2+IBTrACS best track, thus avoiding the doublecounting problem when summing up two seperate analyses, and properly addressing this uncertainty issue.
Much of the TC-induced moisture exchange occurred in the Gulf of Mexico section, within which 17 TCs made landfall in 2005. A few TCs steered along the eastern coast and induced some onshore transport along the coast of North Carolina, South Carolina and Pennsylvania during Sept and Oct (grid cells . Previous studies have suggested inter-annual variations in prefered TC tracks, and 2005 witnessed more landfalls and tracks in the Gulf of Mexico and west of the Appalachian Mts, compared to 2004 when more TCs visited the Atlantic coastal plains east of the Appalachian Mts (Brun and Barros 2014) . Similar Gulf versus Atlantic differences are also reported in Konrad and Perry (2009) , and are subject to influences from ENSO, Quasi-Biennial-Oscillation (QBO) and North Atlantic Oscillation (NAO) (Gray 1984; Pielke and Landsea 1999; Brun and Barros 2014; Dailey et al. 2009; Kim et al. 2009 ).
In addition to moistening, TCs also have a drying effect that takes moisture away from the continent, usually by the western or southern branch of the spiral bands. Within the Gulf of Mexico section, this particularly active year had two long-lasting moisture export/import zones that span 5-6 months, one on the Yucatan Peninsula of Mexico and the other covering Florida. The export zones are located to the south/west of their import counter-parts, with the TCs travelling between (indicated by the landfalling locations in Fig. 6 ). This is consistent with the cyclonic circulation and the broad orientation of the coastal lines. Due to the coarse resolution, small geographical area and island nature of the Greater Antilles, the flux response is very noisy.
The fixed 900 km scheme, although inflexible, constrains the TC's influence to a reasonable extent. When scaled by a large factor (e.g. 4.0), the scheme that picks the maximum wind radii of a TC can become very expansive for those large TCs. Figure 7 shows the distribution of Atlantic TC-fluxes during 2010 attributed using scheme2-scale-4.0 scheme. Similar to the 2005 case, the Gulf of Mexico houses most of the TC-fluxes, however part of these may be falsely detected. Figure 7a highlights two TCs that have large sizes. After scaling by a factor of 4.0, Danielle's radius of influence goes up to 2667 km, and Igor's to 3333 km, both are clearly overestimated and extend into the Gulf of Mexico. Consequently, distant fluxes, either onshore or offshore, are falsely attributed to TCs. As will be seen later, the overall effect is likely to be an overestimate of the offshore fluxes.
Coastally integrated TC onshore transport
The overall TC contribution to continental scale onshore moisture transport is obtained by integrating along the coast lines:
Applying the same computation to the absolute moisture flux (annual cycle plus anomaly) gives the total onshore transport onto the North American continent. The time series of Atlantic TC and total onshore transport during the 2005 TC season are shown in Figs. 8 and 9.
Consistent with previous discussions, a larger detection radius can pick up more distant TCs and create more long-lasting, continous TC transports, as indicated by the green shading in Fig. 8 . More adaptable schemes tend to create intermittent hits-and-misses in the TC impact detection, as in the case of scheme-4-scale-3.0 (Fig. 9g) . Despite
these differences, the attributed TC moisture transports are largely consistent among schemes. Note that the TC time series differ from the total time series by the sum of annual cycle and the estimated background flow, and the TC integration is over different subsets of spatio-temporal coordinates, therefore it is legitimate for the TC-related transport to be occasionally larger than or opposite sign to the total transport.
In some cases the total onshore transport is dominated by TC effects, as during early July 2005 when TC Cindy, Dennis and Emily are present (Fig. 8, Table 2 ). The proportion is lower in more conservative schemes, but there is also an upper limit on the more aggressive schemes: a sensible background flow estimation limits the highest TC flux estimate.
The occasional drying effect of TCs is indicated by the negative red shading in Figs. 8 and 9 . In some cases, for instance during Oct-21 to Oct-25, this drying effect can overtake the total transport under some schemes (e.g. scheme-2-scale-2.0, scheme-2-scale-3.0 and scheme-2-scale-4.0). This is partly caused by the compensating fluxes across different coastal sections in the total transport integration, and the integration of TC fluxes usually takes only a confined coastal section where the signal is more coherent. The false attribution error discussed in the previous section may also contribute.
The seasonal onshore (offshore) moisture transport by either TCs or total fluxes are calculated by time-integrating the positive (negative) fluxes during the relevant time periods. The integrated amounts (in Eg, 1 Eg = 10 15 kg) are Table 2 Seasonal onshore moisture transport (Eg) by Atlantic TCs and total moisture flux during May-Nov 2005. The percentage contributed by TCs is obtained by dividing the net TC transport (column 4) by the net total transport (column 7). Names of the TCs labelled in Fig. 8 and 9 are given in the lower section of the Table 2 . A total of 2.14 Eg of water vapor was transported onto the North American continent from the western, southern and eastern coasts during May-Nov 2005, of which about 21 % can be attributed to Atlantic TCs (mean of the seven schemes, Table 2 ). The percentage varies from 28.6 % by scheme-1-radii-900, to 10.3 % by scheme-2-scale-4.0. This most aggressive scheme scored the lowest percentage because both the onshore and offshore transports are highest and the offshore amount is especially large in absolute amount. This large drying flow is most prominent during mid-Aug, early-Sept and mid-Oct (Fig. 9) .
Repeating the costal integration using scheme-1-radii-900 over period of 1980-2012 gives an estimation of the Atlantic TC moisture transport climatology, as shown in Fig. 10a . On average, September has the largest TC transport (0.058 Eg), followed by August (0.047) and July (0.028) when the climatological annual cycle flux indicates net offshore transport (blue shading in Fig. 10a ). During the rest of the season, TC transport shows reduced intensity while the climatological annual cycle contributes much larger quantities. Integrated across the entire season, Atlantic TCs contribute around 13 % of total net onshore moisture transport during May-Nov in 1980 When quantifying the proportional contribution by TCs as shown above, we have used the total moisture transport as the denominator. Taking out the annual cycle component, the ratio of TC-and anomaly-onshore transport gives a different view of the TC contribution. Moisture transported by Atlantic TCs detected by scheme-1-radii-900 constitutes 28.6 % of the total net onshore transport in May-Nov 2005 (Figs. 8, Fig. 10b and Table 2), and the percentage goes to 74.8 % if annual cycle fluxes are taken out. This high proportion is because (i) the anomalous flux is mostly dominated by TC-fluxes during TC affected time periods, and (ii) the TC-induced flux is more systematically orientated as onshore, while compensating offshore flows are sometimes present in the total anomaly transport. As landfalling TCs are usually associated with enhanced precipitation along the track, the air masses exiting the continent are more moisture-depleted.
Inter-annual variability in TC onshore transport
The previous section examines the Atlantic TC onshore transport in 2005 and the 1980-2012 climatology. To investigate the inter-annual variation, the same computation is repeated for 2004-2012 for all schemes, and extended back to 1980 for the scheme1-radii-700 and scheme1-radii-900 schemes. To give a more thorough view of the total TC contribution, we also included attributions to the East Pacific TCs using the scheme1-radii-700 and scheme1-radii-900 schemes, based on best track data from combined HURDAT2+IBTrACS. Figure 11 shows timeseries of seasonal onshore transport in total and the component attributed to Atlantic and Atlantic+East Pacific TCs, and the corresponding TC percentage of the total net transport. (Fig. 11a , Table 2 ). No scheme is always higher or lower than the others, but scheme2-scale-4.0 gives the lowest estimate for all years except 2008 and 2009. In 2010 this latter scheme reports a negative net TC transport (−0.11 Eg ), caused by falsely attributed offshore fluxes discussed previously. Despite differences in the TC-attributed net transports, the schemes do agree on the years with greater or less TC transports. This is reflected in the significant correlations observed among all schemes during 2004-2012, with the lowest correlation being 0.64 (p = 0.06) bewteen scheme1-radii-900 and scheme2-scale-4.0, and highest correlation being 0.97 (p < 0.01) between scheme2-scale-2.0 and scheme4-scale-3.0. This suggests a consistent and robust inter-annual variability in TC transport that is relatively insensitive to the detection scheme.
During (Fig. 11) . This discrepency illustrates that although a positive relationship is expected, the underlying processes of TC onshore moisture transport and precipitation are distinct (Schumacher and Galarneau 2012) . Responses of precipitation to TCs may vary substantially, controlled not only by the moisture plume advected by the TCs but also by interactions with extra-tropical features, including upper level divergence and the presence of a front at the time of TC arrival (Konrad and Perry 2009) .
The use of fixed radius schemes allows the estimation to be made back to 1980. Scheme1-radii-700 and scheme1-radii-900 report largely consistent TC onshore transport during (Fig. 11a) , with a correlation coefficient of 0.96 (p < 0.01). The variability is also closely related to TC activity measurements, for instance a significant correlation (R = 0.70, p < 0.01) is found between the scheme1-radii-700 estimates and the TC number timeseries as shown in Fig. 1d , as well as with the Accumulated Cyclone Energy (ACE) index (shown in the next section and in Fig. 12) . A weak increasing trend can be observed in both of the Scheme1-radii-700 and Scheme1-radii-900 timeseries, although neither is statistically significant (by a Mann-Kendall trend test).
On average, 0.15 Eg (ensemble mean) of moisture, equivalent to 11.4 % ( Table 3 ) of seasonal onshore moisture transport can be attributed to Atlantic TCs during 1980-2012, which is of comparable magnitude as the precipitation percentages (10 % of Florida's annual rainfall (Knight and Davis 2007) ; 4−15 % of the South East US (Rodgers et al. 2001; Knight and Davis 2009; Konrad and Perry 2009; Prat and Nelson 2013) ). The mean value for 1980-1994, a relatively quiet TC period (Goldenberg 2001) , is 8.8 %, and the mean for the more active 1994-2012 period is 14.1 %. However, the percentage variation is affected by both the TC-attributed and the total transport. The relatively high percentage values during the 1985-1995 decade are partly caused by lower total transport (Fig. 11) . Similarly, the 2012 percentage in some of the schemes exceeds that in 2005, as the total transport is much lower in 2012.
Contributions by East Pacific TCs are also considered using the two fixed radii schemes. In general, less moisture is transported by East Pacific TCs than by the Atlantic ones (Fig. 11b, c) . However, in some cases the amounts are comparable, or even higher, such as in 1993 and 1997. Timeseries of the East Pacific TC transport have mixed positive and negative correlations with their Atlantic counter-parts during different periods (not shown), and overall no significant correlation is observed. With this component added, moisture transport by TCs from both basins constitutes around 0.24 Eg (19.4 % of total) during 1980-2012.
Conclusions and disscussion
TC onshore flux and its inter-annual variability
TC-related moisture transports across the North America coasts are quantified in this study. Distribution of these transports corresponds well with TC tracks. The Gulf of Mexico and the eastern Atlantic coast house the majority of influcencing TCs, and onshore (offshore) transport is typically observed on the right (left) side of the TC center. As the land usually experiences heavy precipiation in response to a TC's landfall, the air masses leaving the continent from the south-west side are more moisture depleted. Combined with slightly weaker winds on the western quadrants, the TC-related net moisture transport is more systematically orientated as onshore. After integration along the coast line, impacts from TCs can dominate the total onshore transport during affected periods.
Contribution from Atlantic TCs to seasonal onshore transport across the western, southern and eastern coasts of North America is around 11.4 % for the 1980-2012 period, with the highest percentage reaching 25.1 % (ensemble mean in 2012). During 2004-2012, ensemble members show largely consistent inter-annual varability, which is also broadly consistent with TC-related precipitation changes (Brun and Barros 2014) . Among the ensemble members, no scheme constantly produces higher or lower estimates than the others, but one attribution scheme (scheme2-scale-4.0) produces lower estimates in all but two years and this contributes strongly to an average ensemble spread of 0.25 Eg during 2004-2012. The latter scheme is perhaps the most "aggressive" one, taking the quadruple of 34 kt wind radii of a TC as the attribution threshold. This was shown to be an overestimate for large-sized TCs, and the overall effect is influenced by capturing more offshore flows, giving a lower net TC transport.
Uncertainties in the TC flux attribution
The size of a TC's impact area is a critical parameter in the attribution process, and giving an objective definition of the TC size is a difficult task (Liu and Chan 1999) . Several different definitions have been used in previous studies, including the radius of the outer closed isobar (ROCI) (Liu and Chan 1999; Merrill 1984; Konrad et al. 2002; Konrad and Perry 2009) , the radial extent of 15, 17 and 25 m/s winds (R-15, R-17 and R-25) (Weatherford and Gray 1988) , and radial extent of a threshold relative vorticity (Liu and Chan 1999) . A fixed 500 km radius is a common choice in precipitation-TC studies (Rodgers et al. 2001; Larson et al. 2005; Lau et al. 2008; Jiang and Zipser 2010) , or as a buffer zone for the landfalling TCs (Nogueira and Keim 2011) . Case studies on two sample locations suggest that the commonly used 500 km radius is too conservative to capture the full extent of moisture flux responses. In fact, the same concern has been raised in relation to precipitation attributions (Dare et al. 2012; Rodgers et al. 2001) . As the detection radius increases, so does the risk of false positive errors. In such cases, the removal of an estimated background flow can help reduce the error. However, the accuracy of the background estimation drops as the duration of TC-impact increases, which is a natural response to an inflated detecting radius. Incorporating extra flexibility into the detecting radius, by addressing shape asymmetry of TCs or their time varying sizes, has limited added value in improving the detection accuracy. The current method is a compromise and further improvements are possible. For instance, all distancebased attribution methods resort to a binary type detection strategy: a grid box at any time is either affected or not by a nearby TC, and can jump between the two states, either due to changes in the distance or if a different scheme is used. A smooth kernel with decreasing weights, e.g. multivariate Gaussian, may help reduce the sensitivity to threshold radius definition, and the risks of false positive errors as well.
The temporal extent has been restricted to the life time of TCs. This decision can lead to a scenario that significant anomalous flows are ignored because a TC has not yet fully developed ( and not yet recorded into best track data) or has already dissipated. The ambiguity of whether the preceding and aftermath flows are associated with a TC should always be made clear moving from one context to another. Previous studies have identified precedent precipitation events (PREs) that are closely related to moisture transport prior to the arrival of some landfalling TCs (Galarneau et al. 2010; Schumacher and Galarneau 2012) . In some cases, these PREs lead the TC arrival time by 36 hours, or 1000 km poleward of the TC (Galarneau et al. 2010 ). However, not every landfalling TC is associated with such PRE events. A robust detection scheme should have the flexibility to adjust to different situations.
To evaluate the uncertainties associated with misalignment of TC centers in ERA-I and best track, we detected RV maxima from the vicinity of two selected TCs as the TC centers of ERA-I. Although the results suggest overall good agreement with best track, the misalignment may be larger in the early part of ERA-I. Using a similar detection method, Jourdain et al. (2014) reported increasing TC postional errors in ERA-I back to the 1980s, when compared with the records from IBTrACS. The largest offsets are around 180 km for the less intense TCs (see their Fig. 3 ). Assuming random directional distribution in the offsets, the uncertainty range due to ERA-I positional error could be similar to the differences between fixed 700 km and 900 km schemes. Considering the overall good agreement between the two (Fig. 11) , this positional error is not contributing much to the estimation uncertainty.
Another source of error comes from the TC wind field in reanalysis. The maximum wind speed in the vicinity of TCs was found to be underestimated in magnitude (Bengtsson et al. 2007; Jourdain et al. 2014 ) but overestimated in its lateral extent (Jourdain et al. 2014) . For ERA-I, the bias of maximum wind speed is about −9 m/s for storms and −27 m/s for hurricanes, while the sizes of the TCs are overestimated by about 210 km (Jourdain et al. 2014 ). Both suggest a significant deficit in realistically depicting TCs by reanalysis products. The resultant uncertainty in the integrated moisture flux is difficult to estimate, as it is column integrated over the entire atmosphere not only the surface. Although it is heavily weighted towards the boundary layer, the moisture transport associated with TCs can extend up to the tropopause (Schumacher and Galarneau 2012) . Assuming the low biased wind speed and high biased radial extent are systematic within the troposphere, the combined effect is likely to be an underestimated transport.
Relationship with TC precipitation
Like precipitation, the TC-related onshore moisture transport is also a freshwater influx to the land so these two quantities should be positively related but not identicial. Firstly, enhanced precipitation due to a TC does not originate only from additional ocean-to-land water vapor transport: contributions may also be made from water vapor already present in the atmosphere, from convergence over land (Schumacher and Galarneau 2012) , and to a lesser extent from evapotranspiration during the passage of the TC. Secondly, additional moisture transport by the TC is favourable to enhanced precipitation but does not guarantee it. Hurricane Hugo in 1989 made landfall in South Carolina causing around one billion dollars of damage by its strong winds, but only produced modest rainfall (Konrad and Perry 2009; Cline 2002) . On the other hand, not every heavy rainfall coinciding with TCs can be attributed to TCs (Konrad and Perry 2009; Schumacher and Galarneau 2012) . The timing, location, and magnitude of ascent associated with synoptic-scale features are just as important in determining when and where heavy rain will occur (Konrad and Perry 2009; Schumacher and Galarneau 2012) . Lastly, the atmospheric moisture exchange across the coastline is relevant to the continental-scale water budget, but precipitation responses are relevant in both coastal and inland areas. Landfalling TCs and their associated rainfall generally weaken quickly due to the isolation of the inner core from the warm, moist ocean surface (Ren et al. 2007; Knight and Davis 2009; Dare et al. 2012) . Despite this general weakening, interactions with other synoptic systems (Konrad and Perry 2009; Dare et al. 2012) or local orography (Brun and Barros 2014) may continue to produce rainfall further inland.
Relationship with ENSO and future work
It is of great importance to investigate the relations of TC moisture transport with well known modes of climate variability, including ENSO, NAO and QBO. As this is planned in a future work we will only give some shorter comments on the ENSO relationship here. Previous studies have documented an ENSO influcence on Atlantic TC activity (e.g. Gray 1984; Pielke and Landsea 1999; Goldenberg 2001; Smith et al. 2007; Bengtsson et al. 2007 ). Enhanced subsidence and vertical wind shear develop over the tropical Atlantic, in response to anomalous central/eastern Pacific warming during El Niños. Consequently, surpressed Atlantic TC activity is observed during warm years, and the opposite for cold years (Gray 1984) . This negative relationship bewteen TC activity (represented by ACE) and central Pacific SST (represented by Nino-3.4 index) can be observed in Fig. 12 . Correspondingly one might expect a similar negative relationship between Nino-3.4 and the seasonal TC moisture transport. However, this relationship is much weaker and not statistically significant. Besides, there seems to be a time shift bewteen these two relationships: ACE is most sensitive to the Aug-Nov (ASON) season Nino-3.4 SST (Fig. 12a, b) , while the peak correlation with TC transport is observed with the April-July (AMJJ) Nino-3.4 index. This lack of correspondence is partially because, in addition to anomalous TC activity, effective onshore transport also requires properly aligned tracks, therefore landfalling locations in different ENSO phases need to be incorporated. Smith et al. (2007) noticed that despite generally enhanced TCs during La Niña years, there is little difference in the probability of hurricane landfalls in Florida or along the Gulf coast compared with neutral years, and these areas are most conducive to onshore transport as shown in our results. Lastly, the conventional El Niño versus La Niña way of looking at ENSO variability needs to be updated. Many studies have reported a systematic difference between an Eastern Pacific (EP) El Niño and a Central Pacific (CP) El Niño with distinct features in many aspects (Kao and Yu 2009; Kug et al. 2009; Xu et al. 2015) , including Atlantic TC activities (Kim et al. 2009; Wang et al. 2014) . In particular, the CP El Niños were found to enhance Atlantic TCs in contrast to surppression by EP El Niños (Kim et al. 2009 ). Taking into account the observed increasing frequency of CP El Niños after 1990s (Kim et al. 2009 ), greater complexity is added to the responses to ENSO variability.
Concluding remarks
TCs from different ocean basins have systematic differences in their sizes (Jiang and Zipser 2010) , and in particular the Atlantic TCs are typically smaller compared with those in northwest Pacific, South Pacific and Indian Ocean regions. Therefore care should be taken in applying the methods to other basins. The suggested 11 % average TC contribution gives an indication of the uncertainty in the simulated ocean-to-land moisture transport due to inadequately resolved TCs by climate models. Finally, horizontal resolution of the model is an important factor for both the ocean-to-land moisture fluxes ) and a realistic simulation of TCs .
